Introduction
In the biodiesel production process, an abundance of glycerol has recently been encountered as a byproduct of transesterification reactions of oil feedstock [1, 14] . There have been many studies on utilization of the produced glycerol to attain more valuable products [5, 13] , in which the ethanol production from glycerol has particularly received much attention. Conversion of the byproduct glycerol to ethanol as a biofuel is regarded as a process for the complete utilization of oil feedstock as fuel [4, 11, 12] . In addition, in the economic analysis of glycerol as a substrate for ethanol production, it was shown that the cost for producing ethanol using glycerol was comparatively superior to that of using corn starch [18] . In general, it is known that bacteria and yeast can convert glycerol to ethanol, although they have quite different metabolic pathways for glycerol utilization [11, 12, 18] . Among yeasts, Pachysolen tannophilus (P. tannophilus) was demonstrated by several studies to have the ability to convert glycerol to ethanol under controlled aeration conditions, particularly under microaeration [11, 12] . It has been reported that the utilization of glycerol in P. tannophilus is associated with the mitochondrial electron transport chain [6, 8] . Air supply in low amounts is necessary for the ethanol production in P. tannophilus, while sufficient air supply can activate oxidative metabolism.
In the present study, we investigated the development of a more practical and applicable ethanol production process for biofuel, where the yeast P. tannophilus was used for the production of ethanol from glycerol. In particular, the microaeration rate was optimized for maximization of the ethanol production, with analysis of the relevant metabolic parameters. In addition, an appropriate immobilization method to allow ethanol production by P. tannophilus was also investigated. Finally, to verify the establishment of a practical process applicable to the ethanol production industry, the repeated-batch culture for long-term ethanol production was studied, where the medium was withdrawn and filled repeatedly during the period that batch culturing was conducted.
In a previous study [11] , it was reported that controlled aeration had an important role in ethanol production from glycerol by P. tannophilus, wherein microaeration was conducted at 0.05 l/min (0.083 vvm) in a chemically defined medium consisting of yeast nitrogen base without amino acids (YNB w/o amino acids) (Becton Dickinson, USA) and glycerol. These experimental conditions were a little different from those implemented in this study in terms of medium composition. However, we compared the results of the previous study [11] with those in the present study.
The immobilization methods for yeast were compared in view of operational durability for cell adsorption and ethanol production, as these variables are necessary for the long-term operation of an ethanol-producing system. In particular, Celite (a trademarked brand name of diatomaceous earth) was investigated as the carrier for the immobilization of P. tannophilus, together with DEAE-corncob [10] and DEAE-cotton [9] . Celite has sometimes been used as an immobilization carrier of yeast cells and enzymes [7, 17] . However, the immobilization of P. tannophilus on Celite has not yet been reported, and furthermore, there have been no reports on the immobilization of P. tannophilus for the production of ethanol from glycerol. Throughout this study, we established the first platform strategy for long-term ethanol production from glycerol, wherein P. tannophilus was immobilized on Celite and the aeration was finely controlled to maintain microaeration conditions.
Materials and Methods

Chemicals
Glycerol and Celite 545 (particle size, 38-46 µm; specific gravity, 2.3) were purchased from Daejung Chemicals and Materials Co. (Gyoenggi-Do, Korea) and Yakuri Pure Chemicals Co. (Kyoto, Japan), respectively. Yeast extract, peptone, and YNB w/o amino acids were obtained from Becton Dickinson (Franklin Park, NJ, USA). Specifically, industrial-grade yeast extract was purchased from Choheung Corp. (Gyoenggi-Do, Korea). CSL (corn-steep liquor) was kindly supplied by Samyang Genex Corp. (Seoul, Korea). All other chemicals were of reagent grade.
Yeast and Medium
The yeast strain used in this study was P. tannophilus ATCC 32691. The following four kinds of media were used: YPD medium (yeast extract, 10 g/l; peptone, 20 g/l; glucose, 20 g/l), YPG medium (yeast extract, 10 g/l; peptone, 20 g/l; glycerol, 20 g/l), YCG medium (glycerol, 20 g/l; CSL, 20 ml/l; industrialgrade yeast extract, 5 g/l; (NH 4 ) 2 SO 4 , 3.0 g/l; KH 2 PO 4 , 2.4 g/l; and MgSO 4 ·7H 2 O, 1.2 g/l), and YNBG medium (glycerol, 20 g/l; YNB w/o amino acids, 6.8 g/l).
Fermentor Culture with Microaeration
The fermentor culture was conducted in a 2.5 L jar fermentor (KoBiotech, Republic of Korea) with a working volume of 800 ml. The seed culture volume of 80 ml was used. During fermentation, the temperature, pH, and agitation speed were maintained at 30°C, 5.0, and 200 rpm, respectively. The pH was maintained by adding a phosphoric acid solution (10% (v/v)) or ammonia water, as necessary. The air supply rate was finely controlled using a sparger with an air flow meter (Cole-Parmer, USA), which had a scale-range from zero to 800 ml/min.
Immobilization of P. tannophilus
Prior to the immobilization of yeast cells using Celite, the immobilization conditions were optimized. To optimize the initial OD 600 (optical density of the cell suspension at 600 nm), yeast cell suspensions with various OD 600 values were prepared in 20 ml of YCG medium in a 50 ml conical tube, after which 2.0 g of Celite was added to the cell suspensions. Next, the mixture of cells and Celite was shaken briefly. After the conical tube was kept static for 30 sec to confirm the formation of a lower Celite-containing layer, the OD 600 of the upper solution was measured. Optimization of the time for cell immobilization was also carried out by varying the time periods in which the conical tubes (OD 600 of yeast cell suspensions = 8.0) were kept static and measuring the resulting OD 600 of the upper solution. Finally, the cell immobilization for flask and fermentor cultures was conducted using Celite based on the optimized conditions obtained.
Immobilization of yeast cells using DEAE (2-(diethylamino)ethyl chloride hydrochloride)-corncob and DEAE-cotton was conducted according to the protocols previously described in detail [9, 10] .
Flask Culture Using Immobilized P. tannophilus
When flask culture was conducted using the immobilized yeast cells on Celite, it was started with YPG medium. During the batch culture, it was confirmed that the residual glycerol concentration was less than 5 g/l, and then Celite was added into the culture broth. Next, the flask was kept static to confirm the formation of a lower Celite-containing layer, and then the upper culture broth was removed by pipetting. Afterward, new YPG medium was added to the flask containing the immobilized yeast cells, and the flask culturing was started for the production of ethanol from glycerol. The flask cultures were performed using 100 ml Erlenmeyer flasks in a shaking incubator at 30 o C and 150 rpm. The protocols for the flask cultures of yeast immobilized on DEAE-corncob and DEAE-cotton were described in detail in previous reports [9, 10] .
Detachment of Immobilized P. tannophilus from Celite
To estimate how strongly the immobilized yeast cells adsorbed on the surface of Celite, detachment of the immobilized P. tannophilus was investigated. The yeast cell suspension (OD 600 = 8.0) was prepared in 20 ml of distilled water in a 250 ml Erlenmeyer flask, and 2.0 g of Celite was added. After the yeast cells were adsorbed onto the Celite using the above-mentioned method, the flask was kept static to confirm the formation of a lower Celite-containing layer, and the upper solution was then decanted. Next, 20 ml of distilled water was added to the flask, and it was shaken vigorously in a shaking incubator for 22 h. During this shaking, the change of OD 600 in the upper solution was monitored intermittently after separation of the upper and lower layers.
Fermentor Culture with Microaeration Using Immobilized P. tannophilus
The basic protocol for the fermentor culture of the immobilized yeast was the same as the above-mentioned conditions for fermentor culture. The culture was started with YCG or YNBG medium. In the first batch culture, Celite was added to the culture broth after confirming that the residual glycerol concentration was less than 5 g/l. Next, the agitation was stopped and the fermentor was kept static to confirm the formation of a lower Celite-containing layer, and then 700-800 ml of the upper culture broth was removed by pumping using a peristaltic pump. Afterward, fresh YCG or YNBG medium was added into the fermentor containing the immobilized yeast cells. The medium replacement methods for ethanol production were conducted repeatedly.
Analytical Methods
Yeast cell concentration was assessed by measuring OD 600 using a spectrophotometer (Spectronic; Thermo Scientific, Rockford, IL, USA). If necessary, the OD 600 was converted to dry cell weight (DCW, g/l) by the formula DCW = 0.53 × OD 600 . Residual glycerol concentration was measured using a chemical assay method [3] . Ethanol concentration was measured by gas chromatography, as described in detail previously [19] . The oxygen transfer rate coefficient (k L a) was measured by the unsteady-state method [15] , in which the fermentor was equipped with a dissolved oxygen probe (Mettler-Toledo) and filled with 800 ml of distilled water. The specific growth rate (µ), specific ethanol production rate (Q e ), and ethanol yields (Y e/g and Y e/x ) were estimated between time zero to the time when ethanol production was at a maximum value. The method for estimation of these parameters is described in detail in a textbook [16] .
Electron Microscopy
Scanning electron microscopy (ESEM; FEI Quanta 400, Hillsboro, OR, USA) observations were made after the yeast cell-immobilized Celite was washed with deionized water and dried for 24 h at 60°C [9, 10] .
Statistical Analysis
All experimental data were measured three times using the same sample, and were reported as means with standard deviations, except for the cell growth monitoring of OD 600 . The z-test was conducted using Microsoft Excel.
Results and Discussion
Ethanol Production from Glycerol by P. tannophilus in Microaerated Fermentor
To investigate the optimal microaeration rate for ethanol production from glycerol by P. tannophilus, fermentor cultures were conducted with various microaeration rates (0.0-1.70 vvm), for which YPG medium was used. As shown in Figs. 1A and 1B, as the microaeration rates increased, on the whole, the growth rate and glycerol consumption rate of the yeast cells increased. Ethanol production reached a maximum of about 4.7 g/l at the microaeration rate of 0.05 and 0.11 vvm (Fig. 1C ). At these rates, the rates of cell growth and glycerol consumption were at medium values among the various microaeration rates. It can be seen in Fig. 1 that as the microaeration rate was increased, the cell growth rate also increased but the ethanol production decreased. However, when no aeration was conducted, cell growth, glycerol consumption, and ethanol production were hardly observed. As shown in Fig. 1C , the ethanol production rates (from time zero to when ethanol concentration reached the maximum) were almost identical for the various microaeration rates, except with no aeration. It is likely that P. tannophilus had a limited capacity for ethanol production from glycerol, regardless of the microaeration rate. In other words, because P. tannophilus has a limited metabolic flux for the production of ethanol from glycerol, it is probable that the excess of glycerol might be metabolized oxidatively for cell growth. Unfortunately, it was not possible to adjust the microaeration rate to between 0.0 and 0.05 vvm, because the air flow meter did not allow fine control at this range. In addition, the optimal microaeration condition was selected as 0.11 vvm, as this rate could be controlled more easily than 0.05 vvm. A previous study reported the optimal aeration rate to be 0.083 vvm when ethanol was produced by P. tannophilus from medium containing YNB w/o amino acids and glycerol [11] . Although the medium compositions were fairly different from each other, the optimal microaeration rate was very similar to that of the previous study.
Analysis of Metabolic Parameters During Ethanol Production with Microaerated Fermentor
To quantitatively analyze the metabolic parameters of the ethanol production process in Fig. 1 , the oxygen transfer rate coefficient (k L a) and other metabolic parameters (µ, Q e , Y e/g , and Y e/x ) were estimated (Fig. 2) . As shown in Fig. 2A , the microaeration rates conducted in this study (0.05-1.7 vvm) were estimated to have oxygen transfer rate coefficients (k L a) of 0.5-26.2 1/h, which were measured using the unsteady-state method. It is well known that the k L a ranges from 24 to 198 1/h in shaking flask cultures [2] . Therefore, the ethanol production process used in this study was conducted under microaeration conditions that were far lower than those occurring in a shaking flask culture. In particular, the k L a at the optimal microaeration condition in this study (0.11 vvm) was 1.41 1/h, which was far less than that in general aerobic conditions.
As shown in Fig. 2B , the specific growth rate (µ) increased until about 0.3 1/h with increase of the microaeration rate, after which no more increase was observed. The specific ethanol production rate (Q e ) increased sharply at 0.05 vvm until about 0.07 g-ethanol/g-cell/h, where it was maintained until 0.91 vvm, and decreased thereafter. In contrast with µ, the maximal Q e was maintained at about 0.07 g-ethanol/g-cell/h, between 0.05 and 0.91 vvm. Therefore, Q e provided the reason for which microaeration between 0.05 and 0.91 vvm should be used for the production of ethanol from glycerol. Fig. 2C shows that Y e/x (ethanol yield based on cell growth) and Y e/g (ethanol yield based on glycerol consumption) reached maximal levels of 0.61 g-ethanol/g-cell and 0.22 gethanol/g-glycerol, respectively, when the microaeration rate was 0.05 and 0.11 vvm, respectively. Interestingly, Y e/x and Y e/g also showed the maximum values around 0.05-0.11 vvm, the same as that shown for Q e . It was deduced that the ethanol production at 0.05 and 0.11 vvm in Fig. 1C likely reached the maximum, since among the metabolic parameters, Q e , Y e/g , and Y e/x all reached maximum values at around 0.05-0.11 vvm. However, it was observed that Q e was about 0.07 g-ethanol/g-cell/h at 0.91 vvm, which may have resulted from the relatively high value of µ. Through the estimation of the oxygen transfer rate coefficient (k L a), the amount of air supplied under the optimal microaeration rate for ethanol production was confirmed. In addition, through analyses of the metabolic parameters (µ, Q e , Y e/g , and Y e/x ), the reason for the maximal ethanol production at the optimal microaeration rate was also confirmed.
Ethanol Production from Glycerol Using Industrial-Grade Medium in Microaerated Fermentor
Because we aimed to provide a practical process for ethanol production from glycerol, it was necessary to use YCG medium, wherein the medium consisted of glycerol, CSL, industrial-grade yeast extract, and salts. As shown in Fig. 3 , the fermentor cultures were conducted at 0.11, 0.23, and 0.57 vvm. The microaeration rate was controlled at slightly higher values compared with those in Fig. 1 , though the profiles of cell growth and glycerol consumption were relatively similar to those in Figs. 1A and 1B. At the microaeration rate of 0.11 and 0.23 vvm, the maximum ethanol production and ethanol yield (Y e/g ) was about 3.1 g/l and 0.16 g-ethanol/g-glycerol, respectively. These values were better than those achieved at 0.57 vvm, and showed that the range of optimal microaeration rate could be extended to 0.23 vvm. However, the ethanol production and ethanol yield at 0.11 and 0.23 vvm were less than those observed in Fig. 1 . These decreases were likely associated with the nutrient deficiency in YCG medium. In other words, YCG medium was nutritionally insufficient to allow ethanol production using P. tannophilus.
Immobilization of P. tannophilus for Ethanol Production from Glycerol
Prior to the immobilization of P. tannophilus on Celite, the conditions of cell immobilization were first optimized. As shown in Fig. 4A , the cell adsorption increased until the initial OD 600 reached 8.0. However, further cell adsorption did not occur at >8.0 of initial OD 600 . In addition, no further cell adsorption was observed when the adsorption time was >1.0 min (Fig. 4B) . Based on the results in Fig. 4 , it was decided that the conditions of mixing 20 ml of yeast cells (OD 600 = 8.0) with 2.0 g of Celite and then keeping the mixture static for 1.0 min were optimal for adsorption. Under these conditions, about 30% of the yeast cells were immobilized on Celite. The amount of Celite added for immobilization was changed proportionally to the OD 600 of the yeast cells and the culture volume in the flask and fermentor cultures.
Meanwhile, to choose an appropriate carrier for the immobilization of P. tannophilus, DEAE-corncob, DEAEcotton, and Celite were compared in terms of the cell Fig. 3 . Effect of microaeration rate on the production of ethanol from glycerol by P. tannophilus in YCG medium. growth in culture broth, glycerol consumption, and ethanol production during flask culture of the immobilized cells (Fig. 5) . For the DEAE-corncob, although there was no cell growth in the culture broth, glycerol consumption and ethanol production were scarcely observed. A previous report suggested this to be due to the porous structure of the corncob [10] . In other words, because the yeast cells were immobilized in the pore structures in the corncob and it was physically difficult for them to have access to the air supply, the cells could not easily consume glycerol to produce ethanol. In the case of DEAE-cotton, as shown in Fig. 5A , many cells were detached from the DEAE-cotton and cell growth was subsequently observed in the culture broth. Therefore, it is probable that the glycerol consumption and ethanol production resulted from the detached cells. In contrast with DEAE-corncob and DEAE-cotton, when the yeast cells immobilized on Celite were cultured in flask, glycerol was consumed until about 5.0 g/l, and up to 2.5 g/ l ethanol was produced. During this experiment, the cell growth and the detached cells could not be separately investigated because the culture broth contained fine debris of Celite.
Through the separate detachment experiment of immobilized yeast cells, it was demonstrated that the yeast cells were not easily detached from the surface of Celite. There was no statistically significant difference in the change of OD 600 in the upper solution after separating the upper and lower layers in the detachment experiment of immobilized P. tannophilus from Celite (6.81 ± 0.91, n = 10, p = 0.5). As a result, Celite was chosen as the immobilization carrier for yeast cells for the long-term process and then keeping the mixture static for ethanol production from glycerol.
Repeated-Batch Operation for Ethanol Production from Glycerol by Immobilized P. tannophilus
Among several operational strategies for an immobilized cell reactor, a repeated-batch operation with immobilized P. tannophilus was chosen for its simplicity and absence of particular equipment requirements except for a fermentor. As shown in Fig. 6 , the yeast cells were immobilized on Celite and the miroaeration rate was controlled at 0.11 vvm. Meanwhile, this microaeration rate was an optimized value through the operation of several batch runs, and was the same as that of Figs. 1 and 2 (data not shown). The first batch run was conducted until 54 h, after which four additional batch runs proceeded until 270 h. It was not possible to monitor the cell growth after Celite was added to the culture broth (Fig. 6A) . The profiles of glycerol consumption and ethanol production are shown in Figs. 6B and 6C through the replacement process of the YCG medium. After Celite addition for cell immobilization, the maximum ethanol productions during the four batch runs ranged from 1.6-1.9 g/l up until 270 h (Fig. 6C) , with the ethanol yield (Y e/g ) of 0.126 ± 0.017 g-ethanol/g-glycerol (n = 4). When compared with Figs. 1C and 3C, lower ethanol production levels were observed because the glycerol was not consumed completely at each run. In addition, Y e/g was lower than that in Fig. 3C . This was likely caused by the immobilization of the yeast cells on Celite. The yeast cells immobilized on Celite were not exactly the same as those in Figs. 1 and 3 in terms of chemical and physical conditions. Liu et al. [11] previously conducted fed-batch operations to produce ethanol from glycerol using P. tannophilus. The whole medium for ethanol production was prepared using YNB w/o amino acids, which is an expensive and defined medium preparation containing several nutrient ingredients. In this study, the performance of repeated-batch operation for ethanol production using YNBG medium (YNB w/o amino acid-based medium) was also investigated. The operational conditions for the repeated-batch culture were the same as those in Fig. 6 . As shown in Fig. 7 , the first batch run was conducted until 66 h, after which four more batch runs proceeded until 256 h. The profiles of glycerol consumption and ethanol production during the repeatedbatch operation are shown in Figs. 7B and 7C. After the addition of Celite for cell immobilization, the maximum ethanol production during the batch runs ranged from 1.9 to 2.4 g/l until 256 h (Fig. 7C) , with the ethanol yield (Y e/g ) of 0.134 ± 0.025 g-ethanol/g-glycerol (n = 4). These performances were very similar to those in Fig. 6 . Electron micrographs were obtained from the harvested sample after the culture of Fig. 6 was finished, as shown in Fig. 8 . In particular, the yeast cells immobilized on the surface of the Celite could be observed, where the appearance of the cells was similar to a cluster of eggs.
The ethanol yield based on glycerol consumption (Y e/g ) had first been shown to be 0.22 g-ethanol/g-glycerol in YPG medium (Figs. 2B and 2C ) and 0.16 g-ethanol/gglycerol in YCG medium (Figs. 3B and 3C) , respectively, at the optimal microaeration rate. These results were obtained from the batch operation, whereas the Y e/g values in Figs. 6 and 7 were obtained from repeated-batch operations with yeast cells immobilized on Celite. Although the Y e/g in Figs. 6 and 7 could not be directly compared with those in Figs. 1 and 3 , it is necessary to improve the YCG medium for increasing Y e/g , as YPG medium cannot be used in the industrial production of ethanol from glycerol. However, the process for medium improvement might lead to an increase in the total cost of ethanol production. In future study, a strategic approach will be needed in view of profitability.
Liu et al. [11] showed Y e/g values ranging from 0.16 to 0.28 g-ethanol/g-glycerol during batch culture using YNB w/o amino-acid-based medium. In addition, Y e/g in the fedbatch culture was about 0.13 g-ethanol/g-glycerol during operation for about 250 h, where the culture was fed twice with the concentrated medium after the initial batch culture. In the study of Liu et al. [11] , the initial glycerol concentrations of 2-10% (v/v) in batch culture and 5% (v/v) in fed-batch culture were used for the ethanol production from glycerol. Therefore, the final concentrations and volumetric productivity of ethanol were not directly compared with those in this study. As mentioned above, we observed Y e/g values of 0.22 g-ethanol/g-glycerol in YPG medium and 0.16 g-ethanol/g-glycerol in YCG medium, respectively, during batch culture. Therefore, the Y e/g of the batch culture in this study was remarkably comparable with those of the previous study [11] . In addition, the Y e/g values of the repeated-batch cultures in this study (Figs. 6 and 7) were also remarkably comparable with that of the previous study [11] . However, Liu et al. [11] showed ethanol production from glycerol conducted in the YNB w/o amino-acids-based medium, which should be substituted for a more cost-effective medium ingredient for industrial ethanol production. In addition, the Y e/g values decreased gradually during the fed-batch culture. Liu et al. [11] described that there was extreme decrease in the ethanol production due to ethanol inhibition, where little ethanol production in the last batch culture occurred.
In this study, we have provided the first investigation of the operational feasibility of repeated-batch culture for ethanol production with the use of P. tannophilus immobilized on Celite, particularly with the use of YCG medium. Because the YCG medium consisted of glycerol, CSL, industrial-grade yeast extract, and salts, the operation of a more practical ethanol production process from glycerol is expected in terms of process profitability. In particular, it was shown herein that Celite was an appropriate carrier for the immobilization of P. tannophilus, as Celite is an easily available and cheap material. In addition, the immobilization procedure was very simple without requiring any pretreatment, where Celite was simply added into the culture broth for immobilization. As a tool of long-term operation for ethanol production, the repeated-batch culture is known to be attractive. More long-term operation of this repeated-batch culture will be able to closely resemble the continuous process for ethanol production, whereas more equipment and instrumentation are not needed for continuous operation.
In conclusion, we established a repeated-batch process for the production of ethanol from glycerol by P. tannophilus immobilized on Celite for the first time, for which the microaeration rate was also optimized. In addition, a more practical medium ingredient was used herein in consideration of the process profitability. The ethanol yield (Y e/g ) was 0.126 ± 0.017 g-ethanol/g-glycerol (n = 4), which was remarkably comparable with a previous report. In the future, it is expected that the results of this study will be used for the development of a more practical and profitable long-term ethanol production process.
